Abstract: This study addresses the stratigraphic architecture and connectivity of fluvial sandstones of the Williams Fork Formation through outcrop analysis, and static and dynamic modelling of equivalent reservoirs in the Piceance Basin, Colorado. The Williams Fork Formation is a succession of fluvial channel sandstones, crevasse splays, floodplain mudstones and paludal coals that were deposited by meandering-and braided-river systems within coastal-and alluvial-plain settings.
The Upper Cretaceous Williams Fork Formation in the Piceance Basin produces natural gas from numerous isolated to highly amalgamated, lenticular to channel-form sandstone bodies that were deposited by meandering-and braided-river systems within coastal-and alluvial-plain settings. Much research at the reservoir-scale has been conducted on the Williams Fork Formation because the reservoirs are commonly discontinuous and difficult to correlate and map, even with dense well control, which is typically 10 acre (ac) (4 hectare (ha)) spacing; distance between wells is 660 ft (201 m) (e.g. Johnson 1989; Hemborg 2000; Ellison 2004; Cole & Cumella 2005; Pranter et al. 2007 Pranter et al. , 2009 ). Porosity and permeability values are low (6-12%, 0.1-2 microdarcies (mD), respectively), and, importantly, sandstone reservoirs are internally heterogeneous. Given the stratigraphic and petrophysical heterogeneity, well spacing has been reduced from 20 to 10 ac (from 1320 to 660 ft (from 402 to 201 m), respectively), and wells are preferentially aligned to maximize natural-gas recovery by intersecting additional reservoir sandstones (compartments) and to minimize interference between wells associated with hydraulic-fracture stimulation of the fluvial sandstones.
The spatial distribution and associated connectivity of fluvial sandstones whose dimensions are below the resolution of conventional 3D seismic data are difficult to assess from 1D well data and outcrop exposures. Static sandstone-body connectivity is generally underestimated if solely based on 2D analyses of outcrops (Pringle et al. 2004) and 2D theoretical models (King 1990; Hovadik & Larue 2007) . Therefore, to explore the spatial distribution, heterogeneity and connectivity of the fluvial deposits and reservoirs, it is important to evaluate and model the fluvial deposits in three dimensions to investigate these attributes -reservoir heterogeneity and sandstone-body connectivity are 3D reservoir issues.
This study focuses on the characterization, modelling and connectivity of fluvial sandstones of the Williams Fork Formation through analysis and modelling of analogous outcrop and subsurface reservoir data. Static connectivity, as used herein, is a percentage that is calculated as the volume of sandstone bodies connected to a particular pattern of wells (directly or indirectly; i.e. through amalgamation) divided by the total sandstone volume. The fluvial deposits of the Williams Fork Formation are also assessed through dynamic fluid-flow simulation. The fluvial sandstone-body data for the analyses and modelling are derived from lower Williams Fork Formation outcrops within Coal Canyon on the western margin of the Piceance Basin (Figs. 1), just north of Palisade, Colorado. Exposures of the lower Williams Fork Formation within Coal Canyon extend for approximately 5.7 miles (9.2 km) and serve as outcrop-reservoir analogues. Producing fields from the same stratigraphic interval of the Williams Fork Formation are located less than 25 miles (40 km) to the east into the Piceance Basin (Fig. 1) . Application of the outcrop data to evaluate reservoir-scale stratigraphic architecture and connectivity in the subsurface has been conducted for an area of Mamm Creek Field (Figs 1 & 2) . The study area covers 2 square miles (5.2 km 2 ) (Figs 2 & 3), and was chosen because of the abundant and highly concentrated subsurface data. These data include well logs from wells with an irregular 10 ac spacing, with distances between wells averaging 330 ft (100 m) northsouth and 1320 ft (402 m) west-east, nearby cored wells, and 3D seismic data (Fig. 2) . Ninety-one wells, located in sections 20 and 21, Township 6S, Range 92W are present in the study area (Fig. 3) . Well logs include normalized gamma ray, normalized neutron-porosity, normalized density-porosity, effective porosity and resistivity. Total vertical depth of well logs ranges from 7330 to 8550 ft (from 2234 to 2608 m) throughout the study area. The stratigraphic interval of interest extends from the top of the Rollins Sandstone Member of the Iles Formation to a stratigraphic horizon in the upper Williams Fork Formation that is approximately 80 -600 ft (24-183 m) above the top of continuous gas saturation. The thickness of the interval varies from about 2160 to 2230 ft (from 658 to 679 m), and includes the lower, middle and upper units of the Williams Fork Formation (Fig. 4) .
Through this study, 3D static and dynamic reservoir models based on the detailed statistics of fluvial sandstone-body dimensions, orientations, shape and stratigraphic distribution are used to quantitatively evaluate reservoir connectivity for various model scenarios. The results provide insight concerning expected connected reservoir volumes for various model input parameters at different net to gross ratios and well spacings. Understanding the connectivity of the fluvial sandstones is important for the Williams Fork gas reservoirs because gas can only be produced from reservoir rock that is connected to a wellbore. In addition, representative models of connectivity and reservoir geometries are useful for reserve estimation, infill-drilling programme design and the selection of intervals for completion.
Tectonic and stratigraphic setting
The Piceance Basin is an asymmetrical NW -SE-elongated basin that is surrounded by uplifts which developed during the Laramide Orogeny (c. 75 -40 Ma): the White River Uplift to the east, Axial Arch and Uinta Mountains to the north, Douglas Creek Arch to the west, Uncompahgre Uplift to the SW, Gunnison Uplift and Elk Mountains to the south, and Sawatch Uplift to the SE (Fig. 1) . Before the Laramide Orogeny began in the Late Cretaceous, the area now occupied by the Piceance Basin was part of a much larger Rocky Mountain Foreland Basin system that was created by the Sevier Orogeny (c. 140-50 Ma). Laramide uplifts partitioned the Colorado Plateau Region into the mosaic of basins and uplifts present today (Johnson & Flores 2003; DeCelles 2004) . The White River Uplift created the Grand Hogback along the eastern margin of the Piceance Basin. Here, strata are very steeply dipping to overturned, unlike the study area on the western margin of the basin where strata dip gently eastwards into the basin at about 48-78.
In this paper, we follow the stratigraphic terminology of Hettinger & Kirschbaum (2002) , Hettinger et al. (2003) and Carroll et al. (2004) for the Mesaverde Group in the SW and SE Piceance Basin, respectively (Fig. 5) . The Mesaverde Group includes the Iles and Williams Fork formations and overlies a thick interval of marine Mancos Shale. The Iles Formation consists of regressive marine shoreface sandstones (in ascending order, the Corcoran, Cozzette and Rollins sandstone members) separated by transgressive intervals ('tongues') of Mancos Shale (Young 1955; Johnson 1989; Hettinger & Kirschbaum 2002) .
The Williams Fork Formation, as exposed within Coal Canyon, conformably overlies the Rollins sandstone and consists dominantly of strata deposited by fluvial systems with minor marine influence. The Williams Fork Formation is approximately 5000 ft (1524 m) thick near the Grand Hogback on the eastern margin of the basin, and thins to approximately 1200 ft (365 m) thick at the ColoradoUtah state line (Hettinger & Kirschbaum 2002; Hettinger et al. 2003) . The Wasatch Formation unconformably overlies the Mesaverde Group and is a generally low net to gross ratio fluvial unit that contains some sandstone-rich intervals (Johnson 1989; Johnson & Flores 2003) .
The Williams Fork Formation is subdivided into lower (sandstone-poor) and middle -upper (sandstone-rich) intervals based on outcrops in the SW portion of the Piceance Basin (Cole & Cumella 2005; Pranter et al. 2009 ). The lower Williams Fork Formation as exposed in Coal Canyon has an average net to gross ratio of approximately 15%; however, the net to gross ratio varies stratigraphically. Mudstone lithofacies are most abundant and account for approximately 60-80% of the lower Williams Fork Formation within Coal Canyon (Cole & Cumella 2005; Pranter et al. 2009 Johnson (1989) , Tyler & McMurry (1995) , Hoak & Klawitter (1997) and Pranter et al. (2009) . mi, miles.
chip) sandstone, current-rippled sandstone, bioturbated silty sandstone, and coal and bentonite beds (Ellison 2004; Cole & Cumella 2005; Pranter et al. 2007 Pranter et al. , 2009 ). The lower Williams Fork Formation was deposited within anastomosing-to meandering-river systems within a coastal-plain setting (Lorenz 1987; Johnson 1989; Hemborg 2000; Cole & Cumella 2003 , 2005 Patterson et al. 2003; Pranter et al. 2007 Pranter et al. , 2009 ). The middle -upper Williams Fork Formation is interpreted as having been deposited by lowmoderate sinuosity braided-river systems in an alluvial-plain setting (Patterson et al. 2003; Cole & Cumella 2005; German 2006) , and has a net to gross ratio of between 50 and 80% (Cole & Cumella 2005; German 2006 ). Middle-upper Williams Fork Formation sandstone bodies, as exposed in Plateau Creek and Main canyons, are highly amalgamated and sheet-like. These composite sandstone bodies have high width to thickness (W:T) ratios (8:1-100:1, average 34:1) (German 2006 ).
In the Mamm Creek Field, the Williams Fork Formation is informally divided into three stratigraphic intervals (lower, middle and upper) that correspond to net to gross ratios and associated depositional settings (Hewlett 2010) . The lower Williams Fork Formation (lower two-thirds, based on thickness) has a net to gross ratio of 30 -60%, moderate to highly discontinuous sandstones, and was deposited by anastomosing-sinuous meandering streams that transition laterally (to the SE) into shallow-marine deposits (Lorenz 1989; Johnson 1989; Tyler & McMurry 1995; Hettinger & Kirschbaum 2002; Patterson et al. 2003; Cole & Cumella 2005; Pranter et al. 2007 Pranter et al. , 2009 ). The lower Williams Fork Formation in the SE portion of the Piceance Basin consists of the Bowie Shale Member and the Paonia Shale Member (Johnson 1989; Tyler & McMurry 1995; Hettinger & Kirschbaum 2002) . The Bowie Shale Member is about 600-1000 ft (180-300 m) thick and was deposited in coastal-plain to shallow-to marginal-marine T6S -R91W  T6S -R92W   T7S -R93W  T7S -R92W  T7S -R91W   RIFLE   SILT   T6S -R93W   NEW settings (Johnson 1989; Tyler & McMurry 1995; Hettinger & Kirschbaum 2002) . Marine sandstones and mudstones interfinger with the coastal-plain deposits within the Bowie Shale Member (Johnson 1989; Tyler & McMurry 1995) . The basal portion of the Bowie Shale Member consists of the Cameo-Wheeler coal zone, which overlies and intertongues with the underlying Rollins Sandstone Member of the Iles Formation. Laterally continuous and correlatable coal beds, deposited in freshwater peat bogs and mires, alternate with sandstones and carbonaceous shale within this coal zone (Collins 1976 (Collins , 1977 Cumella & Ostby 2003; Patterson et al. 2003) . In Mamm Creek Field, the Cameo-Wheeler coal zone is approximately 50 ft (15 m) thick.
Above the Cameo-Wheeler coal zone within the Bowie Shale Member, the South Canyon and Coal Ridge coal zones overlie two distinctive shallowto marginal-marine sandstones: the 'middle sandstone' and 'upper sandstone' (Collins 1976 (Collins , 1977 Johnson 1989; Hettinger & Kirschbaum 2002) , respectively. Cessation of fluvial sedimentation resulted in marine transgression, and the deposition of these marine sandstones (Collins 1976 (Collins , 1977 . The middle sandstone pinches out west of the Mamm Creek study area and the upper sandstone pinches out within the study area.
The South Canyon coal zone, equivalent to 'Coal C' (Fig. 4 ) defined in this study, ranges in thickness from 12 to 50 ft (4-15 m). The Coal Ridge coal zone consists of marine shales and sandstones, and grades into non-marine sandstones, mudstones and coals (Johnson 1989; Lorenz 1989; Tyler & McMurry 1995; Hettinger & Kirschbaum 2002) . Individual coal beds are very laterally discontinuous in the SE portion of the Piceance Basin and are as much as 5 ft (1.5 m) thick due to deposition in restricted swamps within a low-gradient coastal plain of meandering streams (Lorenz 1989; Tyler & McMurry 1995) .
The Paonia Shale Member represents the uppermost stratigraphic unit of the lower Williams Fork in the eastern Piceance Basin, and is overlain by the middle Williams Fork Formation. In Mamm Creek Field, the Paonia Shale Member is about 800 ft (244 m) thick and is a low net to gross ratio (c. 30 -60% sandstone), coal-bearing interval consisting of alluvial-to coastal-plain fluvial deposits (Lee 1912; Collins 1976; Hettinger & Kirschbaum 2002) .
The middle-upper Williams Fork intervals are generally undifferentiated and represent a transition to more sandstone-rich (c. 50-80% net to gross ratio) deposition within alluvial-plain settings (Johnson 1989; Patterson et al. 2003) . Transitioning into the upper Williams Fork Formation, more continuous and sheet-like sandstone bodies are common (Patterson et al. 2003; German 2006; Pranter et al. 2009 ). Because only a limited amount of outcrop and core-based research has been conducted on the middle -upper Williams Fork intervals, their depositional environment and associated lithological and petrophysical properties are poorly understood compared to the lower Williams Fork Formation.
Overlying the upper Williams Fork Formation is the Paleocene (Tertiary) Ohio Creek Conglomerate (also called the Ohio Creek Member of the Hunter Canyon Formation). The Ohio Creek Conglomerate is the uppermost portion of the Mesaverde Group and is interpreted as having been deposited during a relative sea-level lowstand within a braided-river system (Johnson 1989; Hettinger & Kirschbaum 2002; Johnson & Flores 2003; Patterson et al. 2003) . On the SW side of the Piceance Basin, the Ohio Creek interval consists of reworked Williams Fork Formation that was produced by subaerial exposure during the early Laramide Orogeny (Cole & Cumella 2005) . Unconformably overlying the Ohio Creek Conglomerate are continuous sandstone deposits of the Paleocene -earliest Eocene Wasatch Formation that are fluvial in origin (Johnson 1989; Tyler & McMurry 1995) .
Methods
Outcrops of fluvial sandstones of the Williams Fork Formation have been analysed for abundance, type, apparent width, thickness and orientation (Ellison 2004; Cole & Cumella 2005; German 2006; Panjaitan 2006; Pranter et al. 2007 Pranter et al. , 2009 Sommer 2007 and interbedded mudstone that has a discrete thickness and lateral extent. For the lower Williams Fork Formation, two methods were used to map and measure the dimensions of single-storey and multistorey channel bodies and crevasse-splay deposits in outcrop: (1) global positioning system (GPS) traverses combined with field descriptions and tape measurements; and (2) high-resolution aerial light detection and ranging (LIDAR) data and digital orthophotography combined with ground-based photomosaics (Cole & Cumella 2005; Panjaitan 2006; Pranter et al. 2009 ). Application of the outcrop data to subsurface reservoirs is conducted for an area of Mamm Creek Field in the Piceance Basin. The outcrop analogue data are used in conjunction with interpreted well logs, core and petrophysical data to create and constrain 3D architectural-element models (static reservoir models) of similar deposits. Using the 3D reservoir models, static connectivity analyses explore the fluvial sandstone-body communication for various well densities and modelling scenarios. Static connectivity (%) is defined in this study as the total volume of sandstone connected to wells directly or indirectly (i.e. through amalgamation) divided by the total volume of sandstone in the model domain. Through dynamic simulations at Mamm Creek Field, decline behaviour was matched, and the impact of geological uncertainty on early and long-term performance was investigated by predicting long-term gas recovery.
Fluvial sandstone-body types and statistics Cole & Cumella (2005) (Fig. 6 ). The relatively thin single-storey channel sandstone bodies are commonly composed of a single, sharp-based fining-upwards sandstone body ('story or storey' of Friend et al. 1979) . In contrast, those relatively thicker channel sandstone bodies that comprise two or more vertically stacked to laterally coalesced storeys that are commonly separated by scour surfaces and lag deposits are referred to herein as multistorey channel bodies.
Data exist for more than 668 sandstone bodies of the lower Williams Fork Formation from Coal Canyon (Pranter et al. 2009) . Of this population, 265 (42%) are crevasse splays, 116 (18%) are single-storey (and narrow) channel bodies, and 255 (40%) are multistorey channel bodies. A statistical summary of lower Williams Fork Formation sandstone-body dimensions used in this study is presented as Table 1 . For a fluvial sandstonebody, the width corresponds to the dimension that is measured perpendicular to the dominant palaeoflow direction; length corresponds to the dimension that is measured parallel to the dominant palaeoflow direction. The linear distance between sandstone-body terminations in outcrop is defined herein as the 'apparent width'. The apparent width of the sandstone body that is observed in outcrop is related to the preserved size of the sandstone body, the orientation of the sandstone body with respect to the canyon wall and the degree of presentday erosion (or the amount of the sandstone body that is exposed).
Crevasse splay deposits ( Fig. 6a ) are broadly lenticular in cross-sectional view, very-fine-to finegrained, ripple-laminated to cross-stratified, and commonly bioturbated (Cole & Cumella 2005) . Single-storey channel bodies (Fig. 6b) , commonly isolated point-bar deposits (Ellison 2004; Cole & Cumella 2005; Pranter et al. 2007 Pranter et al. , 2009 , are fine to medium grained, cross-stratified to ripple laminated, and commonly have mudchip lags at their bases and lateral-accretion bedding. Narrow (possibly anastomosing) channel bodies are rare (1.4% of population), commonly fine to medium grained, and cross-stratified to ripple laminated. These deposits are distinguished from the other sandstonebody types in that they exhibit well-developed 'wings' (levees and splays) and are narrower (Cole & Cumella 2005) . Multistorey channel bodies ( Fig. 6c ) consist of vertically and laterally stacked channel-form bodies that exhibit multiple scour surfaces (Cole & Cumella 2005; German 2006 ). Single-storey and multistorey channel bodies and crevasse splays are common in the lower Williams Fork Formation as exposed within Coal Canyon. Within Plateau Creek and Main canyons, the middle -upper Williams Fork Formation is dominated by high net to gross ratio (commonly 50 -80%) amalgamated channel complexes (Fig. 6d) that are characterized by sheet-like sandstone bodies and associated mudstones (German 2006 ). German (2006) presented outcrop and subsurface data for middle -upper Williams Fork Formation sandstone bodies (n ¼ 113) in Plateau Creek Canyon.
Because meandering fluvial systems are dynamic, with changes in channel sinuosity, scouring, amalgamation, abandonment and other processes occurring through time, the ultimate preserved shape and distribution of the deposits will commonly be highly variable (e.g. from more elongate to more circular in plan-view shape); that is, the preserved rock record is commonly a relatively complex mosaic of fluvial deposits, built from partially eroded remnants of the genetic elements of the active river (North & Davidson 2010) . In the case of the lower Williams Fork Formation, in lower net to gross ratio intervals and in plan view, the preserved fluvial deposits are interpreted to form somewhat isolated, equidimensional to elongate sandstone bodies and only in rare cases might form sinuous channels or ribbons of sandstone. In higher net to gross ratio intervals, the sandstone bodies become amalgamated, and form multistorey sandstone bodies and larger amalgamated channel complexes.
Application to subsurface reservoir modelling
In the Mamm Creek Field, various modelling methods and scenarios are used to represent the spatial variability of alluvial-plain, coastal-plain, and shallow-marine depositional environments of the Williams Fork Formation, in terms of: (1) lithology; (2) architectural elements; and (3) effective porosity (Hewlett 2010) . Six 3D static reservoir model scenarios of lithology and architectural elements are produced: three scenarios of lithology are based on sequential-indicator simulation (indicator-based), and three scenarios of architectural elements are generated using object-based simulation (object-based). Based on the three lithology and three architectural-element models, nine effective-porosity models (scenarios) were generated using sequential-Gaussian simulation. Three of the nine models simulate effective porosity within sandstone bodies with intra-body porosity trends (Hewlett 2010) .
3D model framework and constraints: Mamm Creek Field
Dimensions of the 3D static reservoir models are approximately 10 900 × 5900 × 2200 ft (3300 × 1800 × 670 m), and include the entire gasproducing interval of the Williams Fork Formation in sections 20 and 21 of T6S, R92W in the Mamm Creek Field. Sixteen stratigraphic horizons and data for 91 deviated wells on an irregular 10 ac (4 ha) density are used to construct the 3D model framework. Stratigraphic horizons subdivide the 3D models into 15 zones, 5 of which are laterally correlatable coal beds and 2 are marginal-marine sandstone units (middle and upper sandstones) ( The cell dimensions are designed to be small enough to capture the geometry of the smallest architectural element in the model. The following data and constraints are utilized in indicator-based, object-based and sequentialGaussian simulations to control the spatial distribution of the Williams Fork Formation reservoir properties (Hewlett 2010) : (1) well data (e.g. lithology, architectural-element and effective-porosity logs); (2) variogram model and parameters; (3) outcrop dimensional data; (4) vertical proportion curves (Fig. 8) ; and (5) a 3D seismic-derived probability volume with values that represent the probability of the occurrence of thick sandstone (Michelena et al. 2010) .
Both basic and refined lithology logs were calculated based on well logs and core-to-log calibration. Basic-lithology (sandstone, mudstone, coal) logs are based on the following: sandstone has gammaray values of ≤96 API units; mudstone has gammaray values of .96 API units; and coal has gamma-ray values of ≤96 API units and densityporosity values of . 0.25. Refined-lithology logs differentiate clean sandstones, shaley sandstones, mudstone and coal. Gamma-ray values are ≤70 API units for clean sandstones, and are between 70 and 96 API units for shaley sandstones. Welllog values for mudstone and coal are the same as those for basic-lithology logs. Architecturalelement logs are interpreted for sandstone intervals from basic-and refined-lithology logs using criteria determined from core-to-log interpretation. Mudstone and coal from the lithology logs are set as floodplain and coal in the architectural-element logs, respectively. Point bars, channel bars and crevasse splays in architectural-element logs are interpreted using several criteria: outcrop-based sandstone-body thickness statistics, baselines (log cutoffs), inferred fining-or coarsening-upwards gamma-ray log signatures, well-log shapes ('bell' or 'funnel'), and abrupt breaks expressed in lithology logs and corresponding gamma-ray, densityporosity and neutron-porosity logs (Hewlett 2010) . A 3D seismic-derived probability volume was used for one model scenario to constrain the distribution of lithology. The 3D probability volume provides estimates of the probability of the occurrence of thick sandstones based on statistical analysis of multidimensional cross-plots of seismic attributes (Michelena et al. 2009a (Michelena et al. , b, 2010 . Using a combination of petrophysics and rock physics, sandstone flags are created to categorize and colourcode the seismic-scale attribute data. Sandstone flags identify sandstones with greater than 6% effective porosity and thickness values greater than 10 -15 ft (3-4.5 m) (Michelena et al. 2010) . Seismic-scale attributes that were evaluated to produce the sandstone probability volume include compressional wave velocity (V p ), shear wave velocity (V s ), and density (rho), impedance from V s slow, and impedance from V s fast (Michelena et al. 2009a (Michelena et al. , b, 2010 . The combination of seismic-scale attribute analysis with petrophysics allows for the most complete correlation in identifying thick sandstones in 3D seismic surveys. Comparing the seismic-derived probability volume to observed spatial trends in outcrop and core of the Williams Fork Formation, the high net to gross ratio fluvial middle Williams Fork Formation and the shallow-marine middle sandstone intervals both correlate to zones of higher probability of thick sandstone deposits in the probability volume. Details regarding the seismic-derived probability volume and how it was generated are presented in Michelena et al. (2009a Michelena et al. ( , b, 2010 .
Model scenarios: Mamm Creek Field
Indicator-based models of lithology
Three model scenarios using indicator-based simulation are created (Fig. 9a-c 
Object-based models of architectural elements
Three architectural-element model scenarios using object-based simulation are generated (Fig. 9d-f ):
(1) an architectural-element model constrained to basic-lithology logs; (2) an architectural-element model constrained to refined-lithology logs; and (3) an architectural-element model constrained to architectural-element logs (Hewlett 2010) . When honouring (i.e. leaving unchanged) basic-lithology logs, channel-bar, point-bar and crevasse-splay objects are constrained to sandstone lithology. When honouring refined-lithology logs, channel-and point-bar objects are constrained to clean sandstone, whereas crevasse-splay objects are constrained to shaley sandstone. When honouring architectural-element logs, channel-bar, point-bar and crevasse-splay objects are constrained to their respective architectural elements interpreted from the well logs. The object-based models are constrained to the global proportions for each lithology and architectural element based on well data, vertical proportion curves, object shape and dimensional statistics from outcrops of the Williams Fork Formation (Pranter et al. 2009 ). Given the variability and uncertainty of plan and cross-sectional views of point-bar and channel-bar deposits throughout the Williams Fork Formation, ellipsoid geometries that have external geometries with flat bases and rounded tops are used to represent these deposits in 3D architectural-element models. Fan-shaped objects with rounded-base and flat-top external geometries represent crevasse-splay deposits. Dimensional parameters for architectural elements vary stratigraphically, as well as by fluvial deposit type. Necessary dimensional parameters for object-based modelling include width, width to length ratio, thickness and orientation. Dimensional parameters are modelled with triangular distributions in the three object-based modelling scenarios.
Effective-porosity models
Effective porosity is modelled using sequentialGaussian simulation (Fig. 10) . Nine model scenarios are generated using the six different input lithology or architectural-element models, and are conditioned to the effective-porosity logs, variograms and histograms of effective porosity (Hewlett 2010) . Effective porosity values range between 0 and 14%, and coal and mudstone were set to zero.
Three of the nine model scenarios simulate effective porosity within sandstone bodies with either an increasing-or decreasing-upwards, effectiveporosity, intra-body trend. For effective porosity modelled within channel-fill sandstones (i.e. point bar or channel bar), a decreasing-upwards trend from 14% at the base to 0% at the top was applied. For crevasse-splays, an increasing-upwards trend from 0 to 14% was used. For visual comparison to the nine effective-porosity models described above, effective porosity was also modelled using kriging without conditioning to lithology or architectural elements.
Fluvial sandstone-body static connectivity Allen (1978) studied connectivity of channel belts in 2D models and described how regularly packed, uniform sandstone bodies are virtually unconnected in alluvial suites containing 50% or more overbank mudstone. Once the proportion of sandstone bodies increases above 50%, the degree of connectivity rises steeply Allen (1978) . King (1990) and Allard & HERESIM Group (1993) studied connectivity based on the principles of percolation theory, which involves connectivity in random systems. As the model sandstone fraction rises, connectivity of 'sand' cells remains low until a certain sand percentage (net to gross ratio) is reached, called the percolation threshold. Connectivity rises sharply and many smaller, isolated sand bodies become connected into one large sand body with only a small increase in net to gross ratio (Hovadik & Larue 2007 ). King (1990) showed that the 2D percolation threshold occurred at about 60% net to gross ratio, but that in 3D models it occurred at about 25% net to gross ratio. Larue & Hovadik (2006) referred to the range of net to gross ratios in which connectivity increases steeply as the 'cascade zone', and described the relationship between net to gross ratio and connectivity as an 'S-curve' owing to the trend observed when the two are depicted graphically. 2 ) (10 900 × 5900 ft; 3300 × 1800 m) in area and 2200 ft (670 m) thick. Vertical exaggeration is 3 times.
Static connectivity: 3D outcrop models -Coal Canyon
An initial study of the static connectivity of the Williams Fork Formation involved 3D architecturalelement models based on outcrop statistics from Coal Canyon. The 3D outcrop models represented hypothetical subsurface reservoirs and were used to evaluate static sandstone-body connectivity to wells (Sommer 2007; Pranter & Sommer 2011) . The thickness of the outcrop models (500 ft; 152 m) approximates the thickness of the lower Williams Fork Formation as exposed in Coal Canyon, and also approximates a vertical interval of onetwo typical hydraulic-fracture stimulation stages in Williams Fork Formation wells in the Piceance Basin (N. Sommer pers. comm. 2007 ). The area of the outcrop models (0.25 square miles (160 ac (64 ha); 2650 × 2650 ft; 808 × 808 m)) was set to be large enough to contain the widest multistorey channel sandstone body, as observed in Coal Canyon. The outcrop models were constrained to volumetric net to gross ratios, architectural-element percentages, object types used to represent sandstone bodies, sandstone-body width distributions, width to length ratios, thickness distributions, orientation distributions, vertical proportion curves and erosion rules (Sommer 2007; Pranter & Sommer 2011) .
Results of static-connectivity analyses on the 3D outcrop models show how net to gross ratio, well density and fluvial sandstone-body width affect static connectivity. As well density increases, the relationship between static connectivity and net to gross ratio becomes more linear (Fig. 11) . Static connectivity for the 160 ac (64 ha) case increases most steeply between 20 and 30% net to gross ratio. The 10 and 2.5 ac (4 and 1 ha) cases show essentially linear relationships between connectivity and net to gross ratio. Figure 12 shows plots comparing model net to gross ratio v. connectivity at 40, 20 and 10 ac spacing (distance between wells 1320 -660 ft (402 -201 m)) for sandstone bodies that exhibit different width statistics (for sandstone bodies that are relatively narrow, intermediate and wide). These plots reveal that models with wide sandstone bodies produce the highest static connectivity and, thus, wider sandstone bodies enhance connectivity at a given net to gross ratio. This underscores the importance of having representative sandstone-body width statistics for reservoir modelling applications. Wells in the Piceance Basin targeting the Williams Fork Formation are typically drilled between 20 and 10 ac spacing, respectively.
Static connectivity: 3D reservoir models -Mamm Creek Field
In the Mamm Creek Field study area, variability of fluvial sandstone-body connectivity between the Paonia Shale Member (lower Williams Fork Formation) and the middle Williams Fork Formation is compared for the NE quarter of Section 20 (Fig. 3) . Using the 3D static reservoir models, connectivity is determined for three cases: (1) static connectivity of all sandstones and architectural elements (six scenarios); (2) static connectivity of reservoir-quality sandstones only (three scenarios); and (3) static connectivity of calculated pay (nine scenarios). Reservoir-quality sandstones are defined for this study as those having a porosity of ≥4% and fine -medium grain size. Pay is considered as sandstone (and siltstone; no coal or mudstone) with a porosity of ≥4% and bulk-volume At low well density, connectivity is low at low net to gross ratios, increases between 20 and 30% net to gross ratio, and levels off above 30% net to gross ratio. As well density increases, connectivity increases more linearly with increasing net to gross ratio. At 10% net to gross ratio, for a 10 ac well spacing, connectivity is typically above 60% and can be as high as 85%, depending on the widths of the sandstone bodies.
Modified from Sommer (2007) and Pranter & Sommer (2011). water of ≤0.05. Coal is identified as having a bulk density of ≤2.0 g cm 23 and deep resistivity ≥20 ohm-m. Sandstone is distinguished from mudstone based on gamma-ray values of ≤85 API units.
Static connectivity: all fluvial sandstones
For the six scenarios in which all sandstone bodies are considered, static connectivity is very high, indicating that the majority of sandstone bodies are connected (Fig. 13) . Across all modelling methods, sandstone bodies in the middle Williams Fork Formation are 61 -99% connected, while the Paonia Shale Member sandstones are 48 -99% connected. When comparing all modelling methods, static connectivity of the higher net to gross ratio middle Williams Fork Formation (50-80% sandstone) is 1-15% greater than the lower net to gross ratio lower Williams Fork Formation (30-76% sandstone). Indicator-based sandstone-body connectivity at irregular 10 ac (660 ft (201 m)) well density ranges from 97 to 99%, compared to only 52 -98% for object-based scenarios (Figs 13 & 14; Table 2 ).
Static connectivity: reservoir-quality fluvial sandstones
The three static-connectivity scenarios that evaluate only reservoir-quality sandstones include: (1) reservoir-quality sandstones in indicator-based models of refined lithology; (2) reservoir-quality sandstones (channel bars and point bars) in objectbased models constrained to refined lithology; and (3) channel bars and point bars in object-based models constrained to architectural elements. Reservoir-quality sandstones in the middle Williams Fork Formation are 47 -58% connected, while reservoir sandstones in the Paonia Shale Member are only 29 -43% connected. For indicatorand object-based models constrained to refinedlithology logs, static connectivity is 52-57% lower for reservoir models that only consider reservoir-quality sandstones compared to all sandstones (c. 43% lower for the middle Williams Fork Formation; 56-64% lower for the Paonia Shale Member) (Figs 13 & 14; Table 2 ). In contrast, for highly constrained object-based architecturalelements models, static connectivity is only 4% lower for reservoir models that consider only reservoir-quality sandstones (i.e. channel bars and point bars) compared to all sandstones (3% lower for the middle Williams Fork Formation; 5% lower for the Paonia Shale Member). In other words, by excluding crevasse splays from the connectivity analyses, the decrease in static connectivity is only 4%. This suggests that for the Williams Fork Formation, based on the detailed 3D architectural-element models, the impact of crevasse splays on reservoir connectivity might be minimal. Additional research is being conducted to evaluate the impact of crevasse splays on reservoir connectivity, storage and recovery.
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Static connectivity: using pay criteria
Compared to connectivity results for all sandstone and reservoir-quality sandstones, 3D models of pay have 34 -74% lower connectivity overall (31 -66% lower connectivity in the middle Williams Fork Formation; 34 -79% lower connectivity in the Paonia Shale Member) (Figs 13 & 14; Table 3 ). For the refined-lithology and architectural-element models, fluvial sandstones that are pay exhibit static connectivity values of 18-23% (Table 3C ; scenarios 3, 6 and 8). Imposing a 3D intra-body porosity trend within sandstone bodies (objects), results in a 6-10% decrease in static connectivity compared to scenarios without an intra-body trend (Table 3C ). The indicator-and object-based models constrained to basic-lithology logs have the highest (and most probably unrealistic) static connectivity and gas-inplace values (discussed in the 'Dynamic simulation of reservoir behaviour' section below). The objectbased models constrained to refined lithology and architectural-element logs have the lowest static connectivity (Table 3C ; scenarios 7 and 9). The object-based models are the most constrained to outcrop-based statistics and observations.
Dynamic simulation of reservoir behaviour
Static sandstone-body connectivity is not the only issue with regard to effective well drainage. Hydraulic fractures increase connectivity; also, long-term drainage is affected by the sandstone-sandstone contact area and permeability. This long-term effective drainage must be evaluated through dynamic modelling. The Mamm Creek Field reservoir simulations described in this paper used an integrated approach to create 3D dynamic simulation models based on detailed static geological and petrophysical characterizations. Through the dynamic simulations: (1) hydraulic-fracture properties at each well were incorporated and calibrated to approximate initial productivity; (2) decline behaviour was matched through the characterization process; and (3) the volume influence of wells and the impact of geological uncertainty on early and longterm performance was investigated by predicting long-term gas recovery. The simulation area consists of the same NE quarter of Section 20 (Fig. 3) as used in the static connectivity analyses. The dynamic simulation models include 16 gas producers drilled on irregular 10 ac (660 ft (201 m)) spacing. In the detailed static reservoir models described previously, lithologies and architectural elements were populated with petrophysical properties required for simulation (e.g. porosity, permeability and net pay). We estimated irreducible initial water saturations from petrophysical calculations of bulk-volume water by lithology or architectural element. For the case described here, we used bulk-volume water (BVW) of 0.02 for the 'clean' sandstone. The presence of water has a significant impact on gas-in-place and the effective-gas permeability (Shanley et al. 2004) . A gas-permeability cloud transform based on core data was used to assign initial permeability values and then the core-measured air-permeability values were adjusted for overburden effects, water saturation and gas slippage. These corrections resulted in nearly an order of magnitude reduction in permeability compared to core data. The average permeability at initial conditions in the model pay was 1 mD. Permeability loss with porepressure reduction was approximated from published compaction measurements . The approximate permeability loss for the first 1000 psia (pounds per square inch absolute) of pressure loss is about 45% and declines gradually to a 10% permeability loss per 1000 psia of pressure drop. Rock compaction has important implications on long-term recovery and for matching historical-rate decline. For pressure initialization, separate pressure regions were assigned according to defined stratigraphic intervals with initial pressure determined from the reservoir overpressure gradient. Measured pressure gradient in the study area can be as high as 0.6 psi ft
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. Initial pressure data were obtained from a cased hole dynamics tester (CHDT) and other direct pressure measurements.
Volumetric initializations were performed on the nine static reservoir models described earlier without upscaling. These cases are: (1) sequentialindicator simulation (indicator-based) model of basic lithology; (2) indicator-based model of basic lithology constrained to the 3D seismic-derived probability volume; (3) indicator-based model of refined lithology; (4) object-based model of basic lithology; (5) object-based model of basic lithology with intra-body porosity trend; (6) object-based model of refined lithology; (7) object-based model of refined lithology with intra-body porosity trend; (8) object-based model of architectural elements; and (9) object-based model of architectural elements with intra-body porosity trend (Table 4) .
Based on sensitivity simulations, the dynamic models require of the order of 125-148 billion cubic ft (bcf ) (3.5-4.2 billion m 3 ) per 640 ac (256 ha) to match historical decline trends. Thus, the indicator-based models for basic lithology (both seismic constrained and not constrained; Table 3C ; scenarios 1 and 2) have too much volume, and the other cases are reasonable if shaley sandstone volumes are reduced. The object-based model of architectural elements was selected as the base case for the simulations discussed here because of its moderate gas-in-place (GIP) value and its flexibility to activate the various architectural elements and to change properties by architectural element if warranted. Both indicator-based and object-based modelling methods can produce reasonable static reservoir models for approximating historical and long-term behaviour with the type of well control used in these studies provided that architectural elements are part of the basic model input and property distribution.
Importantly, the best history match was obtained by considering only 'clean' sandstone as pay. The clean sandstone architectural elements include point bars, channel bars, and marine sandstone. Historical tubing pressures were matched by controlling the model on historical-gas rate. Too much connectivity or permeability results in a change to an upward trend for the bottom-hole pressure when rates are reduced in the model. The flat long-term trend in bottom-hole pressure in the model provides confidence in the model assumptions. Conservative upscaling (both areal and vertical) of the static reservoir models was undertaken for the simulations in order to preserve the complex reservoir-scale stratigraphic architecture and complex 3D connectivity. Areal grids are about 55 ft (17 m) while vertical grids are about 2.8 ft (0.85 m), resulting in 722 layers. Figure 15 shows a permeability cross-section through the model.
Simulation grids (and simulated hydraulic fractures) were aligned with the measured field stress estimated by borehole-breakout orientation (N60ºW in the study area). The hydraulic-fracture properties were independently adjusted for history For each of the four zones, the recovery factor for a 25 ft-thick (7.6 m-thick) interval was evaluated and mapped. The differences in connectivity, as represented by the changes in recovery factor, vary stratigraphically and are a result of the complex reservoir-scale stratigraphic architecture and associated sandstone-body distributions. Figure 7 shows the stratigraphic positions of the zones. Red is 80% (0.80) recovery of the original gas and dark blue represents no recovery (no pressure depletion). This illustration is for the 'optimal' hydraulic fracture case. Note the complex nature of the recovery factor (also pressure depletion), which is neither elliptical nor uniform vertically (it varies stratigraphically).
permeability alone (when corrected to reservoir conditions) can approximate long-term behaviour without any enhanced permeability from natural fracturing (discussed more later in this paper). After model validation, forecasts were performed in which the simulator estimates future gas rates using tubing-head or bottom-hole pressure constraints. A base-case model predicts 35.6% recovery factor over 30 years of production. An optimal case was also run by applying the best history-matched hydraulic fractures properties to all wells. This forecast predicts 47.9% recovery over 30 years of production. As mentioned previously, permeability loss from rock compaction has a significant effect on long-term recovery. The long-term forecasts and sensitivity runs (not presented here) demonstrate the importance of maintaining the geological detail when trying to assess long-term performance, including well interference. Fine-scale models allow a better representation of the complex 3D stratigraphic architecture and associated sandstone-body connectivity in these thick fluvial systems, allowing consistency between model properties, core measurements and petrophysical interpretations. Figure 16 shows maps of recovery factor (after 30 years) for the upper Williams Fork Formation, middle Williams Fork Formation, Paonia Shale Member and Bowie Shale Member A. For each of the four zones, the recovery factor for a 25 ft-thick (7.6 m-thick) interval was evaluated and mapped (Fig. 16) . The differences in connectivity, as represented by the changes in recovery factor, vary stratigraphically and are a result of the complex reservoir-scale stratigraphic architecture and associated sandstone-body distributions. Warpinski & Lorenz (2008) suggested that natural fractures could be important for the productivity of Piceance Basin tight gas sandstones. Fractures are likely to be bed limited, which is consistent with the internal overpressure gradient. As shown here, realistic static reservoir models with matrix permeability can honour the historical gas rate without applying the assumption of open natural fractures. However, there are several important model assumptions that could reduce effective matrix permeability and, thus, require some enhanced flow through a natural fracture system: (1) higher initial water saturations; (2) higher matrix compaction; (3) reduced sandstone volumes; and (4) reduced matrix permeability at sandstone-body interfaces.
Another challenge is estimating the long-term water production. Models from this work assume immobile water. We believe that mobile water has a minimal impact on gas productivity as it probably flows through separate pore systems. The irreducible water does have a significant effect on gas permeability, as noted earlier. Thus, other than the impact on lift efficiency, we believe that the longterm gas performance is reasonably approximated. We approximate the effect of water on long-term lift efficiency by applying fixed water-gas ratios in the well-lift curves (to relate tubing and bottomhole pressure).
This work demonstrates that an integrated approach can lead to realistic 3D static and dynamic models that are consistent with static data and historical performance. Such models are useful for estimating the impact of complex sandstone connectivity on early and long-term performance, including well interference and optimal spacing. Although not shown in this work, other authors (e.g. Michelena et al. 2010) have shown how incorporating seismic constraints can lead to more unique descriptions with regard to distributions of multistorey channel bodies. Such methods combined with detailed static (geological) reservoir models as described here could be used for designing more optimal well locations and optimal spacing in less developed areas.
Conclusions
The Upper Cretaceous Williams Fork Formation is a succession of fluvial channel sandstones, crevasse splays, floodplain mudstones and paludal coals that were deposited by meandering-and braided-river systems within coastal-and alluvialplain settings. Outcrop data show that most of the fluvial sandstone bodies are smaller than the distance between wells at 10 ac spacing (660 ft (201 m)). Representative sandstone-body statistics are useful to aid in subsurface correlation and to constrain reservoir models.
Three-dimensional static and dynamic reservoir models of the Williams Fork Formation that are constrained to both outcrop-derived and subsurface data show how sandstone-body connectivity is sensitive to sandstone-body type and width, and varies with net to gross ratio. Static connectivity analyses of 3D outcrop-based architectural-element models show that relatively wide sandstone bodies enhance connectivity for a given net to gross ratio. At Mamm Creek Field, static connectivity of sandstones that are pay within the middle Williams Fork Formation is 12 -18% higher than for the lower Williams Fork Formation. Based on highly constrained 3D object-based models of architectural elements for the Williams Fork Formation at Mamm Creek Field, static connectivity is only 4% higher when crevasse splays are included as reservoir-quality sandstones. Dynamic simulation results show that the best history match is achieved by including only point-and channel-bars (reservoir-quality sandstones) as pay. Additional research is necessary to evaluate the impact that crevasse splays have on reservoir connectivity and storage. As shown here, realistic static reservoir models with matrix permeability alone (when corrected to reservoir conditions) can honour the historical-gas rate without applying an assumption of enhanced permeability through open natural fractures. The integrated approach of this study has resulted in realistic 3D static and dynamic models that are consistent with static data and historical performance. Such models are useful for estimating the impact of sandstone connectivity on early and long-term performance and planning for optimal well spacing.
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